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ABSTRACT Two distinct nerve growth factor receptor
(NGFR) complexes are present on NGF-responsive cell types;
these correspond to 100 kDa and 158 kDa for the fast (fNGFR)
and the slow (sNGFR) NGFRs, respectively. Previous studies
indicate that each complex is derived from a separate gene
product and that the sNGFR contains tyrosine kinase activity.
The cDNA encoding the fNGFR has previously been cloned. In
this report, a rat trk protooncogene cDNA has been isolated
from PC12 cells and Trk has been shown to bind NGF,
generating a complex of 158 kDa. Characterization of NGF-
Trk interactions indicates that Trk and NGF dissociate more
slowly than do NGF and the fNGFR. Moreover, NGF-bound
Trk is not destroyed by trypsin digestion whereas the NGF-
fNGFR complex is sensitive to trypsin digestion. These obser-
vations suggest that the trk protooncogene product, expressed
in the absence of the fNGFR, binds NGF with properties
characteristic of the sNGFR, which was identified as the
high-affinity NGFR on primary neurons and PC12 cells.

Previous work has established that two types of nerve growth
factor receptors (NGFRs; type I and type II) can be distin-
guished on neurons of the peripheral nervous system (1, 2)
and on NGF-responsive cell lines such as the rat pheochro-
mocytoma cell line PC12 (3). More recent evidence indicates
that both NGFR populations are also present in the central
nervous system (4). Type I NGFRs are thought to mediate the
biological responses of neuronal survival and neurite out-
growth (5, 6), whereas the role(s) of type II NGFRs is less
clear.
The most distinguishing feature of the NGFR subtypes is

the difference in their rates of NGF dissociation. Kinetic
measurements indicate that the rate of NGF dissociation
from type I NGFRs is considerably slower than from type II
NGFRs (1-3). Thus, type I NGFRs are referred to as slow
NGFRs (sNGFRs) and type II NGFRs are referred to as fast
NGFRs (fNGFRs). Furthermore, the sNGFR and fNGFR are
distinguishable on the basis of their trypsin sensitivity prop-
erties: The NGF-fNGFR complex is destroyed readily by
trypsin, whereas the NGF-occupied sNGFR is not (3, 7).

Steady-state binding has also been used to distinguish
between NGFR subtypes. Equilibrium binding of NGF to
primary sensory and sympathetic neurons generates a bipha-
sic Scatchard curve. The equilibrium binding constant (Kd) of
the fNGFR is estimated at 1 nM and the Kd of the sNGFR is
estimated at 10 pM (1, 2). Therefore, the two NGFRs have
also been referred to as low- and high-affinity receptors,
respectively. On PC12 cells, however, a range of equilibrium
binding constants has been described, from 0.1 to 10 nM for
the fNGFR and from 0.01 to 0.1 nM for the sNGFR (3, 8, 9).
The differences in measured Kd of sNGFRs and fNGFRs on

PC12 cells compared to sensory and sympathetic neurons is
not clearly understood but may be a function of different
receptor-associated factors or of experimental technique
(10).

Cross-linking of "25I-labeled NGF (1251-NGF) to primary
sensory neurons or PC12 cells identifies two major com-
plexes that correspond to 100 kDa for the fNGFR and 158
kDa for the sNGFR (11). cDNAs encoding the fNGFR have
been cloned from several species (12, 13) and evidence has
been presented suggesting that the sNGFR contains the
fNGFR and an additional protein (8, 14). Antibodies to the
fNGFR, however, immunoprecipitate '25I-NGF cross-linked
fNGFR but not the sNGFR complex (15). Furthermore, the
sNGFR, but not the fNGFR, can be immunoprecipitated with
antibodies to phosphotyrosine (15). These results suggested
a molecular independence of the NGFR complexes and
suggested that the sNGFR was possibly a tyrosine kinase
receptor. A tyrosine kinase activity was found specifically
associated with the sNGFR, and a polypeptide of 130-135
kDa was phosphorylated in sNGFR immunoprecipitates ob-
tained from PC12 cells (16). These data correlate with the
observation that the 158-kDa complex of PC12 cells is
comprised of NGF cross-linked to a polypeptide of 130-135
kDa (17) and is in line with a report by Kaplan et al. (18) that
NGF induces the tyrosine phosphorylation and tyrosine
kinase activity of the trk protooncogene.

Klein et al. (19) have demonstrated that the human Trk
protein binds NGF when expressed in stably transfected NIH
3T3 cells or in Sf9 insect cells. Two classes of binding sites
were observed. The major class had a Kd of 1-10 nM but was
not immunoprecipitated by polyclonal antibodies (9) raised
against the extracellular domain of the rat fNGFR, whereas
the other class had a Kd of0.1-0.3 nM at 4°C or 35 pM at 37°C.
On this basis, it was proposed that human Trk was the
high-affinity NGFR. Kaplan et al. (20) also reported that an
engineered mouse-rat Trk fusion protein could act as a
receptor for NGF, and Hempstead et al. (21) demonstrated
that this chimeric mouse-rat Trk protein displayed a Kd
comparable to the fNGFR (1 nM) in membrane preparations
of transfected COS cells. In their expression system, coex-
pression of the human fNGFR and the Trk chimera generated
a biphasic Scatchard plot with two apparent equilibrium
binding constants of 1 nM and 10 pM suggesting, in contrast
to the results of Klein et al. (19), that both receptors are
necessary for high-affinity NGF binding.
To further explore the properties ofTrk, we report here the

cloning and sequence of the rat trk protooncogenet from
PC12 cells and its use in transient transfection studies in COS

Abbreviations: NGF, nerve growth factor; 1251-NGF, 125I-labeled
NGF; NGFR, NGF receptor; fNGFR, fast NGFR; sNGFR, slow
NGFR.
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cells. We also show that the level of Trk, like that of the
fNGFR, is regulated by NGF in PC12 cells. Besides con-

firming that rat Trk is the 135- to 140-kDa NGF-binding
protein observed in PC12 cells, we demonstrate that the rat
trk protooncogene, if expressed in COS cells in the absence
of the fNGFR, displays several NGF-binding properties
ascribed to the sNGFR.

MATERIALS AND METHODS

Cell Lines. COS-7 cells were grown in Dulbecco's modified
Eagle's medium containing 10% (vol/vol) calf serum. PC12
cells were cultured as described (15).
PC12 Library Construction and Screening. Oligo(dT)-

primed PC12 cDNA was constructed from 5 pug of poly(A)+
RNA, adapted with nonoverlapping BstXI linkers, and sub-
cloned in pCDM8 (22). A 600-base-pair trk probe was am-

plified from PC12 cDNA by PCR techniques with Xho
I-linked degenerate oligonucleotides corresponding to amino
acids 297-303 and 486-491 of human Trk (23). The resulting
trk probe, designated trk5, was used to screen 2 x 105
primary clones. Eight clones were analyzed by DNA se-

quencing. The position of trk5 relative to the longest trk
cDNA clone is shown in Fig. 1.
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DNA Sequencing. The rat trk cDNA was sequenced on both
strands by the dideoxynucleotide chain-termination method
using synthetic oligonucleotides.

Plasmids. Recent sequence data of a rat genomic clone
indicated a single-base difference to the rat fNGFR cDNA
sequence, converting a second potential N-linked glycosy-
lation site in the fNGFR cDNA, Asn-42, to Ser (S.O.M., C.
Bitler, T. Iismaa, and E.M.S., data not shown). Sequencing
ofthree PCR-derived fNGFR clones derived from PC12 RNA
confirmed the genomic sequence (data not shown), suggest-
ing that the fNGFR cDNA described by Radeke et al. (12)
was derived from a rare transcript or that the cDNA isolated
incurred a base substitution during the cloning procedures.
The rat fNGFR cDNA was reconstructed by replacing
Asn-42 with Ser (A. Baldwin and E.M.S., data not shown),
cloned into pCDM8, and designated pCD-fNGFR(+). Simi-
larly, the rat trk cDNA is designated pCD-TRK(+).
RNA Isolation and Northern Blot Analysis. Total RNA was

isolated from naive and NGF (50 ng/ml)-stimulated PC12 cells
and harvested at the times indicated. Total RNA (10 pig) was
analyzed on a Northern blot using Hybond-N membranes (Am-
ersham). The blot was probed with 32P-labeled trk5 or fNGFR,
washed under high stringency, and exposed to x-ray films.

Transient Expression in COS Cells. COS-7 cells were
seeded at 1 x 106 cells per 100-mm dish 24 h prior to
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transfection. Cells were transfected with 5 ,ug ofthe indicated
plasmid, using the DEAE-dextran procedure, and assayed
for receptor expression 48 h later.
NGF Cross-Linking and Immunoprecipitation. Mouse 2.5S

NGF was purchased from Bioproducts for Science (India-
napolis) and radioiodinated with Na125I (Amersham) and
lactoperoxidase (24). Cells were harvested (1 x 106 cells per
ml), incubated with 1 nM 125I-NGF, and cross-linked with 150
AM disuccinimidyl suberate (15). When indicated, L-1-
tosylamido-2-phenylethyl chloromethyl ketone-treated tryp-
sin at 0.5 mg/ml (Sigma) was added for 15 min at 370C after
cross-linking. Cells were either lysed in SDS/sample buffer
containing 100 mM dithiothreitol and analyzed by SDS/
PAGE on a 6% polyacrylamide gel or lysed and immunopre-
cipitated as described (15). Immune complexes were ana-
lyzed by SDS/PAGE and visualized by autoradiography.
Control rabbit IgGs, rabbit anti-NGF IgGs, and the mono-
clonal anti-fNGFR antibody (MC192) were prepared as de-
scribed (15). The polyclonal Trk antiserum, raised against a
362-amino acid region encompassing the transmembrane and
cytoplasmic domains of the human Trk receptor (25), was a
gift of N. Hynes (CIBA-Geigy, Basel).

Dissociation Kinetics. Cells (1 x 106 cells per ml) were
suspended in binding buffer (24) and incubated for 2 h at 0C
with 380 pM 125I-NGF. Dissociation was initiated with unla-
beled NGF (380 nM). Bound 125I-NGF was determined by
centrifugation through sucrose gradients. Nonspecific bind-
ing was measured from parallel reactions containing 380 nM
unlabeled NGF during association.

RESULTS
cDNA Cloning of Rat trk from PC12 Cells. A PC12 cDNA

expression library was constructed in pCDM8 (22) and
screened with a 600-base-pair trk cDNA obtained as a PCR
product from PC12 cells. The sequence of the longest trk
clone (2633 base pairs) was determined (Fig. 1). The longest
open reading frame of the rat trk cDNA predicts a polypep-
tide of 799 amino acids with the amino-terminal 34 amino
acids characteristic ofa eukaryotic signal peptide (26). Cleav-
age of the predicted signal peptide between Ala-34 and Ser-35
(Fig. 1) would generate a 765-amino acid polypeptide with a
primary molecular mass of =84 kDa. A hydrophobicity plot
of the predicted rat Trk protein identifies a membrane-
spanning domain (amino acids 417-442) generating an extra-
cellular domain of 382 amino acids and an intracellular
domain of 356 residues. There are 11 potential N-linked
glycosylation sites and 12 cysteine residues in the extracel-
lular domain (Fig. 1). In the intracellular domain, the lysine
at position 541 and the preceding Gly-Xaa-Gly-Xaa-Xaa-Gly
sequence at positions 520-525 are predicted to be part of the
ATP binding site. Furthermore, a diagnostic sequence of
tyrosine kinases, HRDLATRN, is present at positions 651-
658 (27).
Sequence comparison of the rat and human Trk proteins

indicates an overall amino acid sequence identity of 86%
(data not shown; refs. 23 and 28). The extracellular domain
of rat Trk has two fewer potential N-linked glycosylation
sites and the position of the majority of cysteines is con-
served. Cys-168 of rat Trk may be functionally replaced in
human Trk by Cys-177 (23, 28). However, Cys-302 of rat Trk
is absent in human Trk without an apparent substitute.
Interestingly, the latter cysteine residue is present in rat TrkB
and pig TrkC at the analogous position (23, 29). In addition,
the rat Trk protein contains a 6-amino acid insertion between
positions 392 and 393 of the human Trk sequence, the exact
location of several genomic rearrangements that have been
shown to generate transforming alleles of human trk (30).

Expression of trk and fNGFR mRNA Is Differentially Reg-
ulated by NGF in PC12 Cells. To determine if trk expression

is regulated by NGF treatment in responsive cell lines, RNA
was isolated from naive and NGF-treated (50 ng/ml) PC12
cells (0.5 h, 6 h, 24 h, 2 days, 3 days, and 7 days after
stimulation) and analyzed on a Northern blot. As shown in
Fig. 2, the steady-state level offNGFR mRNA (3.7 kilobases)
appeared repressed after 0.5 h, subsequently increased
steadily, was induced at day 1 (see also ref. 31), and peaked
3 days after NGF stimulation. In contrast, the level of trk
mRNA (2.9 kilobases) slowly decreased up to 1 day after
NGF treatment but was subsequently induced between days
2 and 3. Thus, our results suggest different regulatory mech-
anisms for the two receptor subtypes.
The NGF-Bound Trk Receptor Displays Trypsin Stability

Comparable to the sNGFR Complex of PC12 Cells. The
NGF-binding properties of rat Trk and the rat fNGFR were
assayed by transient expression in COS cells. Forty-eight
hours after transfection, cells were assayed by '25I-NGF
binding and cross-linking. Lysates were prepared and immu-
noprecipitated with either MC192 (specific for the fNGFR) or
a polyclonal antibody to Trk. Immunoprecipitated complexes
were analyzed by SDS/PAGE and compared to MC192 and
immunoprecipitated Trk complexes obtained from 1251I-NGF
cross-linked PC12 cells. As shown in Fig. 3A, both the
fNGFR and the trk-transfected COS cells express an NGF-
binding protein comparable to the immunoprecipitated 100-
kDa and 158-kDa complexes obtained from PC12 cells (com-
pare lanes 2 and 3 to lanes 5 and 6). The complex from
trk-transfected COS cells migrated slightly faster than the
158-kDa complex from PC12 cells, which may reflect differ-
ential posttranslational modifications of the Trk protein in
different cell types (18, 19).

Trypsin sensitivity was assayed as a first distinguishing
parameter of sNGFRs and fNGFRs. Samples from 125I-NGF
cross-linked cells were treated with trypsin and the NGFR
complexes were immunoprecipitated with anti-NGF antibod-
ies. As shown in Fig. 3B, trypsin destroyed the NGF-fNGFR
complex (compare lanes 3 and 4). In contrast, NGF-bound
Trk was not destroyed by trypsin digestion, although the size
of the complex became more heterogeneous and was reduced
in molecular mass (compare lanes 5 and 6). The relative
trypsin resistance of NGF-bound Trk in transfected COS
cells is comparable to that of the 158-kDa complex (sNGFR)
of PC12 cells (see lanes 7 and 8). Under these conditions, the
NGF-fNGFR complex of PC12 cells is degraded, and the
NGF-sNGFR complex is reduced in molecular mass by -10
kDa (11, 15).

Dissociation of NGFR Complexes. Initial cross-linking data
indicated that 1251I-NGF was displaced rapidly from fNGFR-
transfected COS cells. In contrast, 125I-NGF I-NGF-binding
to trk-transfected cells was relatively resistant to dissociation
at 0°C (data not shown), in agreement with described prop-
erties of type I NGFRs in PC12 cells (11). Thus, we deter-

trk k VI

FIG. 2. NGF stimulation of trk and fNGFR mRNA in PC12 cells.
Total RNA (10 ,ug) from NGF-stimulated PC12 cells was harvested
and analyzed. rRNA was visualized by ethidium bromide staining
before transfer. Times of cell harvest are as follows. Lanes: 1, 0; 2,
30 min; 3, 6 h; 4, 24 h; 5, 2 days; 6, 3 days; 7, 7 days.
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FIG. 3. (A) 125I-NGF cross-
linking of fNGFR and trk-trans-
fected COS cells. COS cells trans-
fected with CDM8 (lane 1), pCD-
fNGFR(+) (lane 2), and pCD-
Trk(+) (lane 3) were immu-
noprecipitated with MC192 (lanes 1
and 2) and anti-Trk antibodies (lanes
1 and 3). PC12 cells were immuno-
precipitated with control IgGs (lane
4), MC192 (lane 5), and anti-Trk
antibodies (lane 6). (B) Trypsin ef-
fects on NGF cross-linked to the
fNGFR and Trk. Lanes: 1-6, COS
cells transfected withCDM8 (lanes 1
and 2), pCD-fNGFR (+) (lanes 3 and
4), pCD-Trk(+) (lanes 5 and 6); 7
and 8, PC12 cells; 2, 4, 6, and 8,
effects of trypsin (0.5 mg/ml) for 15
min at 37TC.

mined the dissociation kinetics of transfected NGFRs in COS
cells. Transfected COS cells were labeled with 125I-NGF
(0.38 nM) for 2 h on ice (equilibrium binding; data not shown)
and dissociation was initiated by addition of a 1000-fold
excess of unlabeled NGF. The results indicate that the
half-time of dissociation (ti/2) from the fNGFR was <1 min,
and the til2 from Trk was considerably slower (Fig. 4).
Surprisingly, the dissociation from Trk appeared to be com-
posed oftwo components. The faster dissociating component
had a ti/2 of -10 min, and the slower component had a t1/2 of
=90 min. These data correlate with the slower dissociation of
NGF from Trk at 00C as measured by chemical cross-linking
(data not shown) and as reported for the sNGFR (1-3).
Moreover, the remaining 125I-NGF bound to trk-transfected
cells after 120 min ofdissociation at 00C was rapidly displaced
when the reaction mixture was shifted to 370C, indicating that
this bound 125I-NGF reflects specific NGF-Trk interactions
rather than nonspecific COS cell binding (Fig. 4).

DISCUSSION
This report describes the isolation and characterization of a
rat trk cDNA encoding a 799-amino acid tyrosine kinase
receptor. The amino-terminal 34 residues of the Trk poly-
peptide are predicted to encode a signal peptide. Cleavage of
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FIG. 4. Dissociation kinetics of COS-cell-transfected NGFRs.
Arrow, temperature shift to 37TC; open squares, dissociation from
fNGFR; solid circles, dissociation from Trk.

this sequence would generate a 765-residue protein with a
primary molecular mass of -84 kDa. Posttranslational mod-
ification, resulting in part from 11 potential N-linked glyco-
sylation sites, generates a processed receptor molecule that
migrates with an apparent molecular mass of 130-135 kDa on
reducing SDS gels.
The amino acid sequences of rat and human Trk share an

overall identity of 86%. Although the intracellular kinase
domains are extremely highly conserved (94%), the extra-
cellular sequences (that contain the putative ligand-binding
domain) display only 78% amino acid identity with an in-
completely conserved pattern of cysteine residues. In con-
trast, sequence comparison with a second member of the trk
gene family, rat trkB, indicates an extracellular sequence
identity of only 37% and an intracellular kinase domain
identity of 75% (data not shown), comparable to sequence
comparisons between rat trkB and human trk (23). These
findings are of immediate interest in the light of the recent
discovery that Trk binds NGF and neurotrophin 3 but not
brain-derived neurotrophic factor, whereas brain-derived
neurotrophic factor and neurotrophin 3, but not NGF, are
ligands for the TrkB receptor (32-34).
COS-cell expression of the rat trk cDNA, and subsequent

1251-NGF binding and cross-linking, generated an NGF-
receptor complex comparable to the 158-kDa sNGFR com-
plex ofPC12 cells. We found that the NGF binding properties
of Trk demonstrated the slow dissociation kinetics and tryp-
sin-resistance characteristics of the sNGFR subtype. The
dissociation kinetics of the fNGFR (tl/2 < 1 min) determined
in this study are in agreement with observations obtained
with fNGFR-transfected L cells (12, 35), whereas the kinetics
of NGF dissociation from Trk is comprised of two relatively
slow components. The basis for this observation is, at
present, unclear. Two important considerations should be
kept in mind when comparing these data to other values
present in the literature (til of fNGFR is 5 min and NGF
binding to sNGFR is stable for 30 min; refs. 3, 7, and 35). (i)
The experiments performed here follow equilibrium binding
at 0C, whereas others (3, 7, 9) have measured dissociation
after NGF binding at 370C, a temperature at which internal-
ization occurs. (ii) It remains to be determined if the fast
dissociation of NGF from PC12 cells observed at 00C is
comprised solely of dissociation from the fNGFR (3, 7, 36).
Interestingly, one report described the dissociation of 125I1
NGF from primary sensory neurons after equilibrium binding
at 00C (1). Cells treated with 10 pM NGF prior to dissociation
revealed a slowly dissociating component with a tl/2 of 20-30
min. In comparison with these values, the current data for

Neurobiology: Meakin et al.
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Trk are consistent with properties of the sNGFR subtype. It
is noteworthy that the association rates of 125I-NGF to
trk-transfected COS cells are considerably slower than to
fNGFR-transfected COS cells (15 min vs. 3 min to reach 50%o
of saturation binding; data not shown). However, the com-
plex nature of the NGF dissociation kinetics from trk-
transfected COS cells does not allow a final conclusion about
the affinity of the Trk receptor for NGF.

Finally, we found that the rat Trk receptor expressed in
COS cells was constitutively active as a tyrosine kinase, even
in the absence of added NGF, presumably as a result of
endogenous NGF production (data not shown; see also ref.
19).
Thus these data indicate that Trk displays at least some of

the properties of the high-affinity NGFR defined on primary
neurons and PC12 cells. In support of the hypothesis that Trk
alone can mediate some of the known biological activities of
NGF, it was shown that Trk induces meiotic maturation of
Xenopus oocytes in response to NGF (37) and that Trk, like
TrkB or TrkC, induces DNA synthesis in variant NIH 3T3
cells when stimulated by the appropriate neurotrophin (29,
34, 38, 39). With respect to the reports that both Trk and
fNGFR are required for high-affinity NGF binding (21), it
should be noted that 1251I-NGF cross-linking experiments on
PC12 cells (11) do not support the hypothesis that Trk and
fNGFR interact at the level of the receptors themselves.
Under conditions of 1251I-NGF binding to sNGFR, only the
125I-NGF-Trk complex is observed. If Trk and fNGFR
interact to form a high-affinity binding site, a 1251-NGF-
fNGFR complex (and, possibly, the ternary 125I-NGF-
fNGFR-Trk complex) should also be formed under these
conditions. Nevertheless, the fNGFR apparently modulates
the tyrosine kinase activity of Trk (40), suggesting a possible
interaction of the signal transduction mechanisms of the two
receptors.
Kaplan et al. (18) reported that the level of trk mRNA in

PC12 cells was not affected by NGF treatment after 2 days.
This was confirmed in the present study. We found, however,
that trk mRNA levels are upregulated by NGF after 3 days of
treatment. This observation is in agreement with earlier
studies (41) that showed that high- and low-affinity NGFRs
on PC12 cells are upregulated by NGF.
The availability of the rat trk cDNA and its sequence will

permit studies of the role of the Trk tyrosine kinase receptor
on primary neurons, its signal transduction mechanism(s),
and its role in development and neuronal regeneration in the
experimentally amenable rat system. In a first step toward
these goals, the data presented in this report demonstrate that
the rat Trk receptor (expressed in COS cells) shows proper-
ties comparable to the sNGFR in PC12 cells, the rat cell line
widely used in NGFR studies. How these findings relate to
the NGFRs on sensory neurons can now be addressed.
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